Lithium iron phosphate (LiFePO 4 ) is widely considered a promising cathode material for high-rate Li-ion rechargeable batteries. The benefits of using LiFePO 4 are the following: excellent cycle life, high structural stability, low cost and environmental friendliness. Lithium iron phosphate can utilize one lithium ion per formula unit, which leads to the theoretical capacity of 170 mAh g − 1 . The main obstacles in reaching the theoretical capacity are its low electronic and low ionic conductivity. These transport limitations can be overcome by decreasing the particle size [1] [2] [3] and/or by coating the particles with some conductive material such as carbon, the most frequently used material [4] [5] [6] [7] [8] [9] .
The olivine structure that typifies LiFePO 4 has a slightly distorted hexagonal close-packed oxygen array (in space group no. 62 Pnma), Fig. 1 . Divalent Fe 2 + ions occupy corner-shared octahedra (denoted as M2 sites). The phosphorus ions are located in tetrahedral sites, and the lithium ions reside in chains of edge-shared octahedra (M1 sites) [10, 11] . Within such a crystal structure, lithium motion is confined to one-dimensional (1D) channels along the b axis [12] .
Beginning with the discovery of the electrochemical properties of the olivine phase by Padhi et al. in 1997 [10] , numerous ways of synthesis of the olivine-type LiFePO 4 have been explored [13] . Many of these synthetic routes are both time-and energy-consuming. Driven by the energy crisis, researchers presently favor low-temperature synthesis methods, such as hydrothermal processing [3, 14, 15] , and explore novel synthesis approaches, such as ionothermal synthesis [16, 17] . Solvothermal processing is a low-temperature effective method to prepare materials with well-defined morphology, scarcely used in the synthesis of LiFePO 4 particles. So far, several solvents were used for the synthesis of LiFePO 4 powders of different morphologies, such as ethylene glycol [18] [19] [20] , PEG [21] , benzyl alcohol [22] , and ethanol [14] . However, in most cases, the obtained materials had a low crystallization degree, and post-heat treatments were required to achieve sufficiently crystalline particles; therefore, many authors argue that the LiFePO 4 obtained using this method is not made at low temperatures. A proper surfactant in solvothermal systems can tune the particle size and morphology owing to the adsorption of surfactant molecules onto the particle surface during particle growth. A poly(vinyl pyrrolidone) (PVP) [22] , hexadecyltrimethylammonium bromide (CTAB) [23] , oleic acid [18] , etc. were used as surfactants in the synthesis of LiFePO 4 . However, to our best knowledge the use of a surfactant commercially known as Triton X-100 in the synthesis of LiFePO 4 powders has not been explored yet. Xua et al. reported the microemulsion synthesis of LiFePO 4 particles, which was actually a nucleation step prior to high temperature treatment [23] . In the present study, we combined reverse micelles and the solvothermal route in order to achieve one-pot synthesis of LiFePO 4 particles at a low temperature (180°C) without an additional high-temperature treatment. The quaternary emulsions of Triton X-100/cyclohexane/n-hexanol/water were solvothermally treated for various time periods with and without stirring. Such synthesis conditions allowed for a fast crystallization of pure olivine-type LiFePO 4 powder. In addition, stirring drastically changes the morphology of LiFePO 4 particles causing a preferential crystal orientation.
Experimental

Synthesis of LiFePO 4 powders
The powders of LiFePO 4 were prepared by a solvothermal treatment of quaternary emulsions Triton X-100/cyclohexane/n-hexanol/ water. Our intention was to produce a morphology similar to the LaVO 4 nanowires obtained by Fan et al. [24] ; therefore, we used similar procedure, except for the surfactant. In a typical synthesis, Triton X-100 was used as the surfactant, cyclohexane was used as the oil phase, and n-hexanol was used as a cosurfactant. They were mixed in the following volumes: 3, 20, and 2.5 ml, respectively. The resulting solution was divided into two parts in order to obtain two emulsions, namely, emulsion A and emulsion B. Emulsion A was obtained by adding 7 ml of 2.5 M LiOH aqueous solution to the above solution. Then the equimolar (0.006 mol) amounts of FeSO 4 * 7H 2 O, (NH 4 ) 2 HPO 4 , and citric acid were dissolved in 8 ml of water and added to another part of the solution, i.e. emulsion B. Citric acid is here used as a reductant to prevent the Fe 2 + oxidation. The emulsion that was further solvothermally treated was obtained by adding emulsion A to emulsion B under substantial stirring, with the Li:Fe:P ratio of 3:1:1. Precipitation occurred immediately after these two emulsions had been mixed. Prior to the solvothermal treatment, the emulsion was simmered with argon to release oxygen, and sealed in a 60 ml Teflon-lined stainless steel autoclave. The sealed autoclave Fig. 2 . Scheme of the experimental apparatus: 1 -magnetic stirrer hotplate, 2 -thermo-isolating layer, 3 -temperature probe, 4 -glass beaker, 5 -silicon oil, 6 -Teflon-lined stainless steel autoclave, 7 -reaction emulsion, 8 -magnetic stir bar. was then immersed into a silicon oil bath, previously heated at 180°C, on the magnetic stirrer hotplate (Fig. 2) . The solvothermal treatments were performed for various time periods: 0.5, 1, 3, 15, and 100 h, with or without constant stirring. The obtained powders were centrifuged, washed several times with ethanol and water, and dried.
Material characterization
The X-ray powder diffraction data were collected on a Philips PW 1050 diffractometer with Cu-Kα 1,2 radiation (Ni filter) at room temperature. Measurements were done over the 2θ range of 15-70°w ith a scanning step width of 0.05°and 3-s time per step for each sample.
The morphology of the synthesized powders was analyzed by field emission scanning electron microscopy (FE-SEM, Supra 35 VP, Carl Zeiss).
The particle size distributions were determined by a particle size analyzer (PSA) Mastersizer 2000 (Malvern Instruments Ltd., UK). For the purpose of particle size measurements, the powder was dry deagglomerated in an ultrasonic bath (frequency of 40 kHz and power of 50 W) for 60 min.
Electrochemical testing
The electrochemical measurements were carried out in a closed, argon-filled two-electrode cell, with a metallic lithium counter electrode. 1 M solution of LiClO 4 (p.a., Chemetall GmbH) in PC (p.a., Honeywell) was used as an electrolyte. Working electrodes were made from as-prepared materials, carbon black and polyvinylidene fluoride (PVdF, Aldrich) mixed in a 75:20:5 wt.% ratio and deposited on platinum foils from a slurry prepared in N-methyl-2-pyrrolidone. The galvanostatic charge/discharge tests were performed between 4.2 and 2.3 V at C/10 current rates.
Results and discussion
Morphology studies
The particle morphology of the samples was revealed by field emission scanning electron microscopy (FESEM). The images of the powders, obtained during the solvothermal treatment at 180°C for various time periods with and without stirring, are presented in Figs. 3-8 . Interestingly, after only half an hour of the treatment, different morphologies of the powders could be observed depending on the mode of the solvothermal treatment -dynamic or static. Namely, the powder prepared in the static mode, without stirring, consists of small irregular strongly agglomerated particles (Fig. 3) , with spheroid-like agglomerates that vary in size from 0.15 to 1.15 μm. These agglomerates of nodular structure have rough surfaces, unlike the particles obtained under constant stirring, which have smooth surfaces (Fig. 4) . Constant stirring gave rise to the formation of prismatic crystals with well-defined facets and salient edges. Along with these individual crystals, crystalline masses are also present. After one hour of the treatment under constant stirring, a greater number of individual prismatic crystals appear, indicating better crystallization with considerably smaller presence of areas of crystalline masses (Fig. 5) . A closer look at these crystalline masses reveals fractures, which lead to the conclusion that they have a tendency to split and that they can be cleavaged. With a longer treatment, lasting for 3 h (Fig. 6 ) the particles become rounded, agglomerated, and shapeless, with diminishing edges. Further, after a treatment prolonged to 15 h, well-defined crystals can still be observed (Fig. 7) . Table 1 ). The results of the particle size analysis (Table 1 ) support the SEM observations. Generally, when stirring was not applied, smaller particles were obtained, i.e. after 0.5 h of treatment, the mean particle sizes were 415 nm and 298 nm, with and without stirring, respectively. This means that agitation during the early stages of the solvothermal treatment strongly promotes crystallization, as well as that during prolonged dynamic treatments, dissolution-recrystallization processes of the formed LiFePO 4 crystals are involved.
XRD analysis
The crystal structure of the synthesized powders was confirmed by X-ray powder diffraction. All diffraction patterns revealed a LiFePO 4 phase of an olivine-type structure, with no crystalline impurity phases (Figs. 11 and 12 ). The high background noticed after half an hour of the static treatment implies the presence of a significant amount of an amorphous phase. In addition, EDS elemental analysis revealed only the presence of Fe, P, and O ( Table 2) . Lithium is too light to be detected using EDS. The average molar ratio of iron to phosphorus was close to one, and the largest deviation from one was observed for the powder obtained after half an hour of the static solvothermal treatment. The obtained XRD patterns were compared to the simulated pattern for triphylite with the theoretical isotropic crystal growth and randomly oriented crystallites with the most intense peak (311) at 35.6°(JCPDS #81-1173). Therefore the patterns were normalized to the intensity of the (311) peak. An important feature of the XRD patterns of the synthesized LiFePO 4 powders is the peak intensity ratio of I(200)/I(311). Although the XRD patterns were measured for the powdered samples in the same manner, the peak intensity ratio I(200)/I(311) of the samples changed depending on the mode of the solvothermal treatment. The peak intensity of (200) was the strongest in the XRD patterns when continuous stirring was involved, implying the presence of the preferred crystal orientation with a large facet in the bc-plane. Furthermore, the increased peak intensity was observed not only for the (200) reflection but also for all (hk0) reflections (Table 3) . Since the growth is perpendicular to a particular set of faces, the slowest growing faces will define the crystal morphology because the fastest growing faces shrink [25] . This implies that the growth of crystals is preferred along the c-axis. The FACES software enabled us to simulate the external shape (habit) of the crystals by varying the growth rates of the faces of growing crystals, taking into account the surfaces of the lowest energy calculated for LiFePO4 [26] . The simulated external shapes ( Fig. 13 ) match well with the actual crystal shapes revealed by the electronic microscopy image. It appears that in our case the most prominent faces of the anisotropic crystal shape are the {100}, {101}, {210}, {201}, and {011} forms, and that the most exposed facet is {100}. On the contrary, when stirring was excluded from the solvothermal treatment, random crystal orientations were obtained with (311) as the most intense reflection and patterns that follow typical intensity ratio for triphylite. The different growth conditions influenced the growth rates of the faces of growing crystals, revealing differences in crystallinity and morphology. The anisotropic crystallite growth, however, can have a significant influence on the preferential orientation of the crystallites, as it was observed during the XRD experiments. Using the X-ray Line Profile Fitting Program (XFIT) with a Fundamental Parameters convolution approach to generating line profiles [27] , we calculated the coherent domain sizes of the synthesized powders (Table 4) . Greater values of the mean domain sizes for the powders obtained under the dynamic mode confirm that stirring improves crystallization. The variations in the domain sizes follow the same trend as the variations in the mean particle sizes.
Growth mechanism
The parameters commonly used in hydro(solvo)thermal syntheses to tune the morphology are the reaction temperature and the concentration and chemistry of the surfactant. Dokko et al. [15] have reported that the particle morphology, the crystal orientation, and the electrochemical reactivity of the hydrothermally prepared LiFePO 4 particles change depending on the concentration of the Li source and the pH of the precursor. Needle-like particles with a large facet in the bc-plane, or plate-like crystals with a large facet in the ac-plane were obtained by varying pH values. The preferential orientation similar to that obtained in our study was observed when ionic liquids were used as both the solvent and the template to enable the growth of LiFePO 4 powders [18] . It has been shown that the use of ionic liquid with a long alkyl chain (C-18) favors a growth orientation along the [200] direction.
In the present experiments, the syntheses conditions were the same, with no variation in chemical composition, pH, temperature, etc., except for stirring. Accordingly, we tried to explain what differences it could cause. Triton X-100 is a nonionic surfactant that has a hydrophilic polyethylene oxide group and a hydrocarbon lipophilic or hydrophobic group. During strong agitation, water-in-oil emulsion represents the aqueous phase dispersed in the form of droplets surrounded by a monolayer of surfactant and co-surfactant molecules in the continuous hydrocarbon phase. If the stirring is interrupted, the droplets coalesce, and the emulsion separates into two layers: the aqueous phase and the oily Table 1 The main results of the particle size analysis. phase, with non-spherical dry reverse micelles of Triton X-100 in cyclohexane [28] . It has been recently shown that a dissolution-precipitation mechanism accounts for the hydrothermal synthesis of LiFePO 4 platelets when dynamic mode is applied [14] . Yang et al. have suggested that the formation of LiFePO 4 is based on the dissolution-recrystallization process along with the phase transformation, when benzyl alcohol is used as a solvent [22] . The initial stages of the solvothermal treatments presented in our study were the same since in both modes, precipitation of an amorphous precursor occurred immediately after the mixing of two emulsions at room temperature. During the further stages of the treatment, at a temperature sufficient to promote the precipitation and growth of the desired phase via the Ostwald ripening, which involved the dissolution of fine particles and growth of larger ones, the dissolution-deposition process took place, and the morphology was affected by the kinetics of deposition and the mass transfer to the particle surface. In the dynamic mode, both nucleation and the crystal growth occur in a limited volume of the droplet, surrounded by the surfactant, which, with its polar head, has the ability to bind to some crystal faces, forming inorganic-organic hybrid building blocks [29] . During the process of ripening, the orderly self-assembly hybrid building blocks may coalesce and restructure to produce crystallographically continuous products with the surfactant molecules peeling off. Steric, van der Waals and hydrop hilic-hydrophobic interactions involving the pendent chains of the adsorbed surfactants, as well as shape anisotropy, can influence the assembly of the primary particles [29] . In this case, coarsening may operate in a modified Ostwald ripening mechanism in which orientation, in addition to size, impacts on the survival and consumption of particular grains of a polycrystalline material. Specifically, randomly oriented particles surrounded by coincidentally closely oriented nearest neighbors coarsen and survive, and particles surrounded only by unoriented nearest neighbors are consumed [25] . In the static mode of solvothermal treatment, in which attachment does not occur, the traditional Ostwald type coarsening is predicted to be the predominant mechanism of crystal growth.
Electrochemical performances
The electrochemical performance of the as-prepared powders obtained after half an hour of both solvothermal treatments was examined by galvanostatic charge-discharge tests. The initial cycles show (Fig. 14) that both powders are electrochemically active with discharge capacities of 115 and 107 mAh g − 1 under the dynamic or static mode, respectively. These values are smaller than the theoretical capacity. It is worth noting that such capacities were obtained without post annealing of the powders or carbon coating. As previously shown, a different mode of preparation resulted in different morphology and crystallinity reflected in different profiles of the charge/discharge curves. The powder obtained under the dynamic mode showed better degree of crystallinity (Table 4) , with welldefined crystals preferentially oriented along the bc plane. Its charge/discharge curves show almost flat plateau typical of the twophased deintercalation/intercalation reaction, with a large voltage gap between curves, indicating the increase of the electrode resistance. The origin of this increased electrode resistance lays in the slow kinetics of lithium ions due to crystal shape. This crystal morphology is not appropriate for Li + ion intercalation and deintercalation, because the charge transfer does not occur in the bc crystallographic plane but in the ac-plane [12] . Therefore, the material fails to be fully utilized. The powder obtained under the static mode showed, after a short voltage plateau, sloping curves, which indicate a more homogeneous distribution of lithium ions, which is similar to the cycling behavior of an amorphous FePO 4 [30] . Having in mind that the X-ray diffraction analysis of this powder shows the presence of an amorphous phase and that charging was significantly shorter than discharging, which is an indication of lithium deficiency, we assume that the amorphous phase is probably FePO 4 .
Conclusion
In the present study, we used emulsion-mediated solvothermal route in order to achieve a one-pot synthesis of LiFePO 4 particles at a low temperature (180°C) without an additional high temperature treatment. The quaternary emulsions of Triton X-100/cyclohexane/ n-hexanol/water were solvothermally treated for various time periods with and without stirring. It has been found that stirring drastically changes the morphology of LiFePO 4 particles, causing the preferential crystal orientation. Apparently, Triton X-100 can selectively adsorb onto certain crystal planes of LiFePO 4 , thereby decreasing the surface energy, and changing the growth rate of these faces, which causes the growth of anisotropic crystallites with the most exposed {100} facet. Furthermore, greater values of the mean coherent domain sizes for the powders obtained under the dynamic mode confirm that stirring improves crystallization. The powder obtained after only half an hour of the dynamic solvothermal treatment, without additional post annealing or carbon coating, was electrochemically active, showing the discharge capacity of 115 mAh g − 1 . This finding opens the possibility for further examination of emulsion-mediated solvothermal treatments, and the opportunity to tailor the particle morphology by varying the surfactant.
Introduction
Recent review on challenges facing the development of rechargeable Li batteries for electric vehicles emphasized their cost, safety, cell energy density, rate of charge/discharge, and service life [1] . The olivine type LiFePO 4 is among the most attractive materials for the cathode of lithium-ion battery that meets the above criteria. The benefits of using LiFePO 4 are: excellent cycle life, high structural stability, low cost and environmental friendliness. Lithium iron phosphate can utilize one lithium ion per formula unit which leads to the theoretical capacity of 170 mAh g −1 . The first attempts to de-insert Li from this material were limited to about 0.6 e − owing to transport limitations of electrons and ions [2] . There are several possible means to overcome this main obstacle in reaching theoretical capacity, that is its low electronic and/or ionic conductivity: by selective doping with supervalent cations [3] [4] [5] , coating particles with electronically conductive agent such as carbon [6] [7] [8] [9] , Ag [10] , RuO 2 [11] , etc., and by decreasing particle size [12] [13] [14] .
The olivine structure that typifies LiFePO 4 has a slightly distorted hexagonally close-packed oxygen array. The cation arrangement in LiFePO 4 differs significantly from that in the layered and spinel structures. The divalent Fe 2+ ions occupy corner-shared octahedra (denoted as M2 sites). The phosphorus ions are located * Corresponding author. Tel.: +381 641177549; fax: +381 112185263.
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in tetrahedral sites, and the lithium ions reside in chains of edgeshared octahedra (M1 sites) [2, 15] . Lithium motion within the olivine crystal structure occurs through one-dimensional (1D) channels along the b axis [16] . These one-dimensional paths are particularly susceptible to blockage by defects and impurities [16, 17] .
There are many synthesis routes in preparing LiFePO 4 [18] . Its commercial use has already started and there are several companies that base their business on lithium phosphate technology. Still, there is a need for a manufacturing process that produces electrochemically active LiFePO 4 at a low cost. Furthermore, simplicity of the synthesis process is vital for commercializing Li-ion batteries. Therefore, the interest in developing new approaches to the synthesis of LiFePO 4 did not fade.
Here is presented very simple and inexpensive route for obtaining LiFePO 4 /C composites by aqueous co-precipitation of an Fe(II) precursor material in molten stearic acid and subsequent heat treatment in argon atmosphere at different temperatures. Stearic acid serves as both surfactant and dispersant, it is cheap and environmental friendly, and provides a stable environment for moisture sensitive precursors because of its hydrophobic nature. During pyrolytic degradation stearic acid decomposes in several steps that include decarboxylation, cracking and finally decomposition to carbon while creating reductive atmosphere that can prevent Fe 2+ oxidation [19] . The in situ formed carbon would effectively restrict the growth of the particles, and by coating the particles would increase powder conductivity. 
Experimental
LiFePO 4 /C composites were synthesized by an aqueous coprecipitation of an Fe(II) precursor material in the presence of stearic acid. Stearic acid was melted and then appropriate amount of aqueous solution of (NH 4 ) 2 HPO 4 was added to it. Equimolar amounts of FeSO 4 ·7H 2 O (Fluka) and LiNO 3 were dissolved in sufficient amount of water. This solution was added drop by drop into the heated melt under vigorous stirring when the precipitation occurred. The final molar ratio of Li:Fe:P:stearic acid was 1:1:1:1. After the evaporation of water, the melt was cooled to room temperature, thoroughly mixed and reground, and calcined at temperatures of 600, 700, and 800 • C in argon atmosphere. Thus obtained powders were washed with distilled water and dried under vacuum.
X-ray diffraction data were collected on a Philips PW 1050 diffractometer with Cu-K␣ 1,2 radiation (Ni filter) at the room temperature. Measurements were done in 2( range of 10-120 • with scanning step width of 0.02 • and 14 s times per step. Crystal structure refinement was based on the Rietveld full profile method [20] using the Koalariet computing program [21] .
The Mössbauer absorption spectrum was obtained in a standard transmission geometry with constant acceleration using a source of 57 Co in Rh (1.85 GBq) at room temperature. LiFePO 4 powder was prepared as Mössbauer absorber with a diameter of 15 mm sandwiched by aluminium foils. The data were stored in 1024 multichannel analyzer. Laser spectrum and calibration spectra were recorded and fitted in order to recalculate channels in mm s −1 . The spectrum of sample synthesized at 800 • C has been examined by fitting data with WinNormos-Site program using a least squares method, while the other two samples were examined with WinNormos-Dist based on histogram method. Isomer shifts are shown with respect to ␣-Fe.
Thermal analysis of the sample was performed on SDT 2960 simultaneous DSC-TGA TA Instruments in order to determine carbon content [22] .
The morphologies of the synthesized powders were analyzed by field emission scanning electron microscopy (FE-SEM, Supra 35 VP, Carl Zeiss).
Electrochemical measurements were carried out in a closed, argon filled two-electrode cell at room temperature, with metallic lithium as a counter electrode. 1 M solution of LiClO 4 (p.a., Chemmetall GmbH) in PC (p.a., Honeywell) was used as electrolyte. Working electrodes were made from synthesized material, carbon black and polyvinylidene fluoride (PVdF, Aldrich) mixed in 75:20:5 weight percent ratio and deposited on platinum foils from slurry prepared in N-methyl-2-pyrrolidone. Galvanostatic charge/discharge tests were performed between 4.1 and 2.5 V at C/10 current rates. Fig. 1 shows particle morphologies of the samples revealed by field emission scanning electron microscopy (FESEM). At the lowest temperature of 600 • C the particles are highly agglomerated, consisted of closely packed cauliflower-like nodular structures giving rise to irregularly shaped pores of variable width. The primary grains are less than 50 nm in size. Particle bonding and neck formation, denoting interparticle sintering, can be observed as well. By increasing the temperature to 700 • C the morphology does not change a lot. Apparently, the in situ formed carbon effectively restricted the growth of the particles. Going to the highest temperature of 800 • C there is remarkable difference in morphology, actually two different particle morphologies can be observed. Besides previously seen nodular morphology there are a great • C, (b) 700
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number of agglomerated micron-sized polyhedra that are most probably grown on the account of small grains. Such polyhedral crystal shape is comparable to the theoretically calculated growth morphology of LiFePO 4 [23] . Apparently, the temperature of 800 • C was sufficient for enabling further crystallization and growth of the primary particles. X-ray powder diffraction patterns (Fig. 2) were used for phase identification and structural analysis. In all three samples olivine type LiFePO 4 was obtained as a major phase with heterosite FePO 4 as a minor phase. A two-phase refinement was performed on XRD data to quantify the amounts of different phases present. The amount of the second phase is increasing with increasing calcination temperature, starting from 9 wt% (Table 1) at the lowest temperature and reaching almost 15 wt% (Table 1) at the highest temperature. This finding is quite surprising since, according to the literature, heterosite FePO 4 is obtainable only by chemical or electrochemical delithiation of olivine LiFePO 4 phase [24] . To our best knowledge, it has never been synthesized or even found as an impurity phase before. Furthermore, on heating, heterosite FePO 4 irreversibly converts to the electrochemically inactive trigonal verlinite phase FePO 4 [22] . At temperatures higher than 200 • C LiFePO 4 and FePO 4 make solid solution forming lithium deficient olivine phase Li x FePO 4 (x < 1) that on cooling back to room temperature separates into mixtures of LiFePO 4 + FePO 4 [25, 26] . Recently, solid-solution phases in Li x FePO 4 close to the stoichiometric end members LiFePO 4 and FePO 4 were successfully isolated at room temperature using both chemical and electrochemical routes [27, 28] . On further heating at temperatures greater than 500 • C, solid solution Li x FePO 4 starts to decompose into mixtures of non-olivine compounds [25] . These imply that during our synthesis lithium deficient olivine type Li x FePO 4 was formed, which upon cooling separates into mixtures of LiFePO 4 + FePO 4 . Apparently, atmosphere conditions where such that enabled the preservation of the olivine structure, even though high temperatures (higher than 500 • C) were applied. Li 2 O was detected by XRD as the third phase in sample obtained at 800 • C before it was washed with water. Obviously, departure of lithium from the structure and reaction with O 2 is temperature dependent, but its cause is still not apparent. Li 2 O decomposes after washing the powders with water, and hence does not exist in the powders under investigation. There is no evidence for the formation of crystalline carbon, so internal carbon could be treated as a contribution to the background. The amount of an in situ formed carbon was determined by heating the powder in air considering that only Fe 2+ ions oxidize and contribute to the weight gain. Taken in account the amount of Fe 2+ ions obtained by Möss-bauer spectroscopy the estimated amounts of carbon were ranging from 5 to 4 wt% with increasing temperature. In addition, energy dispersive spectroscopy (EDS) of the samples showed only peaks corresponding to Fe, P, C, and O. Li is too light for the detection with EDS.
Crystal structure refinements were based on the Rietveld full profile method [20] using the Koalariet computing program based on a Fundamental Parameters convolution approach to generate line profiles [21] . This program is appropriate for processing the data obtained from the samples with dominant microstructure parameters (small crystallite size and large microstrains). The observed and calculated X-ray diffraction profiles of the samples are given in Fig. 2 , while the main results of the final Rietveld refinements are presented in Tables 1 and 2 [15] . Primitive cell volume of olivine LiFePO 4 phase is near 291.7Å 3 , regardless of the synthesis temperature, very much the same as the volume of hydrothermally obtained single crystal [29] . The main differences are in microstructural parameters: mean crystallite size, microstrain and strain. The obtained values for microstrain and strain are refined to zero within an error, and therefore cannot be quantified by number, still the trend that follows with increasing temperature is a decrease of microstrain, and an increase of strain. The value for mean crystallite size increases from 56 nm to 140 nm with increasing temperature. Material synthesized at the highest temperature presents the largest coherence domain length with no microstrain, and with noticeable strain. The Rietveld refinement also showed additional electron density on the lithium sites indicating so-called "anti-site" defect in which a Li ion (on the M1 site) and an Fe ion (on the M2 site) are interchanged. This antisite disorder (ca. 1-2 mol%) is believed to be intrinsic property of olivine LiFePO 4 [17] . Powder obtained at 600 • C has the highest value of this disorder suggesting 3 at.% occupation of Li sites by Table 1 The final results of the two-phase Rietveld structural refinement of the samples obtained at 800
• C, 700
• C, and 600 particle size estimated from FESEM images it can be concluded that at the lowest temperature of 600 • C part of the particles could be considered as single nanocrystals, whereas at higher temperatures particles are polycrystalline composed of a number of crystallites.
The refinement results imply that thermal treatment at 700 • C is optimal for obtaining powder consisted of small particles with good crystallinity and iron ordering ( Table 1) , all of them being necessary for delivering good electrochemical properties. Asymmetric Mössbauer absorption spectra revealed the presence of Fe 2+ and Fe 3+ ions. As shown in Fig. 3 , three doublets were required to adjust the calculated spectrum to the experimental one. There are no lines that could be attributed to sextet originated in Fe 2 O 3 impurity. The characteristic parameters deduced from these refinements (Table 3) imply the presence of Fe 2+ and Fe 3+ in octahedral coordination, assigned to olivine LiFePO 4 and heterosite FePO 4 , respectively [30] , but also the presence of Fe 3+ ions in tetrahedral coordination. According to the Mössbauer study, molar ratio of octahedrally coordinated Fe 2+ /Fe 3+ is smaller than the Fe 2+ /Fe 3+ ratio of crystallized phases calculated from the Rietveld two-phase refinement, meaning that octahedrally coordinated Fe 3+ ions are present not only in heterosite, but also in olivine phase within composite powder. Ferric iron can arise in two ways: either by ion replacement 3Fe 2+ → 2Fe 3+ , leaving a vacancy in the M(2) site, or by the replacement process Li + Fe 2+ → Fe 3+ , leaving a vacancy in the M(1) site [15] . This leads to the conclusion that olivine phase in the sample is lithium deficient Li x FePO 4 where lithium ion was replaced by Fe 3+ ion creating both cation vacancies and anti-site disorder, the latter revealed by Rietveld refinement. The determined full widths at half maximum ( ) for the two differently coordinated Fe 3+ ions were significantly different, with around 0.3 mm s −1 for the octahedrally coordinated Fe 3+ ions and around 0.6 mm s −1 for the tetrahedrally coordinated Fe 3+ ions. This large broadening of the Fe 3+ Mössbauer absorption line suggests the existence of a distribution of quadrupolar effects [31] , so additionally quadrupole splitting distribution was included in the fitting procedure. The two unimodal distributions are obtained for the sample synthesized at 700 • C, while the bimodal distribution is present for the sample synthesized at 600 • C. The average values of isomer shifts for named three distributions are approximately the same and are attached to the presence of ferric ions. The first peak in the bimodal distribution is positioned at ≈ 0.20 mm s −1 , and the second one at ≈ 0.90 mm s −1 . The distribution is related to the structural distortion in the environment of the absorbing ion, which could be associated with amorphous or nanoparticulate nature of this Fe 3+ phase, which is of low crystallinity, and therefore not detectable by X-ray diffraction. Note that our samples were synthesized in a short time that can promote formation of residual amorphous impurities. Trivalent Fe might be formed during thermal treatments by a small amount of oxygen that is always included in argon flow, so it is probably better to use a gas mixture of argon with few percentages of hydrogen during the thermal treatments.
Electrochemical performances of the samples used as a cathode of a Li-ion battery were examined by charge-discharge tests. For all samples a flat plateau at around 3.4 V is observed during both charge and discharge (Fig. 4) , implying typical two-phased deintercalation/intercalation reaction. Resulted specific capacities Table 2 Fixed and refined atomic coordinates and isotropic displacement parameters in LiFePO4 and FePO4 phases present in the samples.
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Fractional coordinates were calculated based on the mass of the powders as a whole, reduced only by the amount of estimated carbon. It is interesting to note that delivered capacity on first charging process (108 mAh g −1 , 116 mAh g −1 , and 106 mAh g −1 for the powders obtained at 800, 700, 600 • C, respectively) is smaller than that obtained on discharging for all samples. On the other hand, the first charge capacity is proportional to the amount of Fe 2+ ions present in powders calculated by Mössbauer spectroscopy. The derived value of the discharge specific capacity for the powders obtained at 600 • C and 700 • C is about 160 mAh g −1 , which is quite near the theoretical value, showing that heterosite FePO 4 phase also participated in electrochemical reactions. Besides, discharging curves for the powders obtained at 600 • C and 700 • C show discrepancy between line profiles indicating dissimilar mechanism of lithium ion insertion. Namely, at 600 • C at certain lithium Fig. 3 . Mössbauer spectra at room temperature for the powders obtained at 800
• C and 600
• C. Insets on the left side are the quadrupole splitting distributions.
content discharging curve changes its profile from flat plateau to sloping curve indicating shift in Li insertion mechanism from two-phase process to a single-phase process. There are several possibilities for such behavior documented in the literature: (i) The third Fe 3+ phase found by Mössbauer spectroscopy, which showed the existence of a distribution of quadrupolar effects, could be an amorphous trigonal FePO 4 phase, which is electrochemically active showing sloping charge/discharge curves [32, 33] . The trigonal form is composed of iron and phosphorus atoms tetrahedrally bonded to four oxygen atoms [22] , (ii) the voltage slope is a surface effect, which suggests that the amorphous surface layer containing Fe 3+ (S = 1/2) allows a more homogeneous distribution of Li and Li vacancies upon delithiation than the crystal, where iron is in the Fe 2+ (S = 2) state [34] and (iii) recently, it has been shown that the two-phase nature of the LiFePO 4 /FePO 4 system changes into a one-phase solid-solution Li x FePO 4 system by downsizing the particles having large anti-site disorder [12] . As previously showed, the particles obtained at 600 • C were the smallest in size, having the largest anti-site disorder, and part of them can be treated as nanocrystals. Powder obtained at 800 • C delivered capacity of 110 mAh g −1 . Such capacity loss, compared to the other two powders, is a consequence of increased both crystallite and particle size that suppressed the whole utilization of the material due to their small surface area and an impediment of lithium ions to diffuse through the LiFePO 4 /FePO 4 interface. In addition, the voltage hysteresis between the charge and discharge curve obtained during galvanostatic testing is the largest for the sample obtained at 800 • C, indicating the increase of impedance due to larger particle size since the electrode resistance depends solely on the mean particle size [13] .
Conclusion
Simplicity of the synthesis process is vital for commercializing Li-ion batteries. Here we presented simple and inexpensive route for obtaining LiFePO 4 /C composites by aqueous co-precipitation of an Fe(II) precursor material in the presence of stearic acid. Stearic acid serves as both surfactant and dispersant, which decomposes to carbon during pyrolytic degradation and creates reductive atmosphere that can prevent Fe 2+ oxidation. The obtained powders were composites made of olivine type LiFePO 4 and carbon, and with heterosite FePO 4 as a minor phase evidenced for the first time in the literature as a byproduct of the synthesis. Nevertheless, the optimal powder delivered discharge capacity of 160 mAh g −1 , which is quite near the theoretical value, showing that heterosite FePO 4 phase also participated in electrochemical reactions. The discussed synthesis route does not suppose any specific or expensive equipment, and it can be easily scaled up for commercialization. This process also shows potential for further improvement by altering synthesis conditions to obtain fully electrochemically active LiFePO 4 .
